An automatic temperature control mechanism was fabricated from readily available components and installed on an existing continuous flow helium-vapor cryostat as part of an atom-probe field-ion microscope. This control system eliminates tedious manual adjustment of the vapor flow rate. It is shown that the time needed to cool the cryostat from room temperature to a cryogenic temperature is reduced from 3 to 1 h. Within the 40-80 K range changes in the setpoint temperature are accommodated within 10 min. The temnerature stability is better than 0.1 K. 0 2995 American I Institute of Physics.
I. INTRODUCTION
in an atom-probe field-ion microscope (APFIM) individual atoms can be field-evaporated from the surface of a sharply pointed tip, at cryogenic temperatures, by means of high-voltage or laser pulses and subsequently identified chemically via a specially constructed time-of-flight mass spectrometer, with the capability of determining the mass-tocharge state ratio of a single ion. '-t' This technique demands strict control of the temperature of the specimen stage since the field-evaporation process is strongly temperature dependent. An automatic continuous helium-vapor flow system that offers reliable operation and is stable to better than 0.1 K, without the significant capital investment associated with a closed cycle refrigerator, is described in this article. The feasibility of an automated control of the specimen temperature using the simple proportional method has been demonstrated in the literature.r"13 Here, we consider the dynamics of a temperature stabilization process since the ability to reach the desired temperature without overshoot is of profound importance for APFIM operation. We also take into account the settling time of the system upon setpoint temperature changes. Figure 1 is a schematic overview of the continuous flow helium system that we employ. First, liquid helium, stored in a commercial 100 liter storage dewar (Kadell Engineering, Danville, Indiana), is siphoned through a double-wall transfer tube (Kadell Engineering) into a heat exchanger close to the specimen stage that resides inside an ultrahigh-vacuum (UHV) system. Then the warm exhaust vapor is returned to a recycling system that is part of our laboratory's infrastructure; the cost per liquid liter of helium is determined by the amount of gaseous helium recovered for reliquefaction. In order to create a flow sufficient to keep the specimen stage at cryogenic temperature, a vacuum diaphragm pump (Gast Corp., model DOA-V19ZAA) is inserted in the return line in series with a manual valve that determines the flow rate.r4 This method allows fast control as the flow rate immediately responds to the valve setting. It is also intrinsically simple to implement as no modifications of the commercial storage dewar are necessary. To monitor the temperature of the specimen stage we employ a four-wire measurement to determine the resistance of a calibrated platinum resistance temperature (PRT) sensor (Rosemount Corp., model 118MG).
II. CONTINUOUS FLOW CRYOSTAT
The previously employed nonautomatic method suffers from the fact that the relaxation time of the system is fairly long (1 h) and hence a long time period as well as operator input is needed to stabilize the temperature. In addition, any small change in the system's characteristics that easily occur between the replacement of liquid-helium storage dewars leads to a different relationship between flow rate and temperature that again demands a careful and lengthy fine-tuning procedure. Finally, noise such as changes in the room temperature and systematic drift caused by the continuously decreasing liquid-helium level make it difficult to maintain a constant temperature within 0.1 K for an extended period of time.
Ill. TIME-PROPORTIONAL TEMPERATURE CONTROL To solve the above-mentioned problems a system was designed that eliminates many of the problems associated with the manual flow adjustment-see Fig. 1 . The adjustable mechanical valve is replaced by a normally closed solenoid valve operated by a commercially available proportionalintegral-differential (PID) digital temperature controller (Eurotherm Corp., model 808). This small panel-mounted unit, or equivalent unit from another manufacturer, contains all the necessary components to measure the temperature and operate the solenoid valve by means of the time-proportional method. This method adjusts the average flow rate by setting the ratio between the open and closed times of the solenoid valve. This automatic method introduces no noticeable fluctuations as long as the relaxation time of the cryostat is much longer than the cycle time. The PID feedback algorithm takes the difference between measured and setpoint temperatures, equal to the error value, and converts this signal into the time-proportional setting by a weighted summing of the error signal, the time integral, and the time derivative of the error signal. The weighting factors are determined by means of a tuning procedure. To facilitate unattended operation over a long period of time, an additional input is provided that is controlled by the computer system that operates the APFIM mass spectrometer and allows an automatic shut-down of the cooling when an experiment is completed.
IV. LINEARIZING THE PLATINUM RESISTANCE THERMOMETER SENSOR
The PRT sensor has a resistance versus temperature relationship that is nonlinear below 30 K. Fortunately the 40-80 K range, which is commonly used in APFIM, allows a linear approximation. The PID controller was configured for use with a J-type thermocouple and 0 "C cold junction compensation. As a result, the displayed temperature is proportional to the voltage applied between the input terminals. Therefore, characteristics of the PRT sensor installed on the cryogenic system had to be matched with characteristics of the J-type thermocouple used in conjunction with the PID controller. The slope of the PRT characteristics was matched to the slope of the J-type thermocouple by setting the current through the PRT sensor, and the intersection point mismatch was compensated by proper selection of an offset value in the PID controller. Both' parameters were optimized by a least-squares method so that the temperature reading in the controller was accurate within 51 K in the 40-80 K range. To obtain an accurate reading outside this range a correction needs to be applied. Below 30 K the nonlinearity is such that this method is no longer reliable. The relationship between displayed and actual temperature is exhibited in Fig. 2. was used. After the system has stabilized using only a small proportional gain the system is intentionally brought into oscillation by increasing the proportional gain without letting the time-proportional output saturate at either minimum or maximum values. The time period of oscillation, rn, is measured at this point. Then the proportional gain is decreased to the point PO, where the oscillation amplitude just ceases. Now the PID parameters are set to the following values: P=1.5 PO, Z=Q, and D=1/6ro. Since the system is not highly linear this procedure has to be carried out initially at a median setpoint temperature, If the response is unsatisfactory
To optimize the operation of this system, that is, making the specimen stage temperature response to sudden changes in setpoint temperature critically damped, a proven technique position of an alloy as a function of both temperature and pulse fraction f, where f is the ratio of the pu&e voltage to the steady-state dc voltage, to establish the optimum values of these two parameters.
In conclusion, the performance of a conventional continuous flow cryostat as part of an APFIM was improved considerably by utilizing readily available components to fabricate an automatic tempe!ature control system. Not only is the start-up time reduced from 3 to 1 h, but the response to step changes in the setpoint temfierature was'also dyamafitally improved. The system is completely insensitive to changes in room temperature, liquid-helium level, tid small changes in the geometry of the setup, and hence guarantees unattended contrdl of the speciinen stage temperature and thereby the temperature of a specimen to better than 0.1 K.
. ' at one of the limits of the setpoint temperature range, the tuning procedure is repeated at a temperature closer to that particular limit.
VI. PERFORMANCE
To assess the performance of this system a number of tests were performed after finding the optimum PID parameters. First, the system was cooled from room temperature to 60 K. The temperature as a function of time of the specimen stage is displayed in Fig. 3 . Also exhibited in Fig. 3 is the time-proportional output signal of the PID controller. Long after the temperature is stable the vapor flow needed to compensate for heat influx into the specimen stage is still changing. In the case of manual flow adjustment this requires a prolonged adjustment period before both temperature and flow are stabilized. Second, the response of the specimen stage temperature to stepwise changes in the setpoint temperature was recorded for both ascending and descending setpoint temperatures; see Fig. 4 . This mode is typical for APFIM operation where the correctly measured'compbsition of an alloy may depend on the temperature of the specimen employed.15-25 That is, it'is necessary to determine the com- 
